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Abstract 
Members of the S100 protein family exhibit a unique pattern of cell/tissue-specific expression and approx. 50% similarity at the 
amino-acid level. The cDNAs encoding many of these proteins from a variety of species are now available making a comparison of these 
family members at the nucleotide level possible. With few exceptions, family members exhibited less nucleotide identity than amino-acid 
similarity. Furthermore, the pattern of divergence calculated on the basis of nucleotide identity did not always agree with that calculated 
on the basis of amino-acid similarity. The majority of sequence diversity occurred in the nontranslated regions suggesting that these 
regions may be involved in d~recting the expression of particular members of the family to specific cell types. When comparisons of 
individual family members were made across pecies, the following order of species diversity was observed: rat/mouse <human/bovine 
< porcine < rabbit/avian <Xenopus laevis. The structure of the gene loci encoding these proteins was remarkably conserved both within 
family members of a given species as well as in individual family members from different species. Although there appears to be great 
diversity in the 5' flanking regions of these genes, members of the family share at least one common potential regulatory element - the 
S 100 protein element. Thus, membership n the S 100 family could be ascertained on the basis of gene organization and the presence of an 
SPE. Although functional data are limited, the available data indicate that the regulation of the expression of S100 family members i  
complex and involves both positive and negative regulatory elements. Additional nucleic acid sequences and complimentary functional 
studies will be required to dissect he mechanisms which target he expression of the members of this family to specific cell types during 
development. 
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1. Introduction 
The S100 protein family is a group of calcium-binding 
proteins, approx. 10000 Da in size, which share approx. 
50% homology in amino-acid sequence [1]. Since each 
S100 monomer contains two EF-hand calcium binding 
sites they have been included in the S100-troponin- 
calmodulin superfamily of calcium-modulated proteins. Al- 
though some members of tile family may function extracel- 
lularly, most appear to function as intracellular calcium- 
modulated proteins. These proteins have no known enzy- 
matic activity and function by modulating the activity of 
other proteins, termed target proteins, in a calcium-depen- 
dent manner. Consistent with this hypothesis is the fact 
that several in vitro S100 target proteins have been identi- 
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fied [1]. The original two members of this family, S100A1 
and S100[3(B) have been implicated in a diverse group of 
cellular functions including cell-cell communication, cell 
growth, cell structure, energy metabolism, contraction, and 
intracellular signal transduction. Two potential members of 
the family, which have been designated S 100F-P (profilag- 
grin) and S100F-T (trichohyalin) [1], are fusion proteins 
containing an S100 protein fused to keratin binding do- 
mains which may function as S100 target proteins. 
In recent years, our views of calcium-receptor p oteins 
like the S100 family and calmodulin have undergone 
significant changes. First, intracellular calcium levels do 
not have to rise for these proteins to interact with target 
proteins. Altered S100 expression in cells causes signifi- 
cant changes in cell morphology and growth even without 
manipulation of intracellular calcium levels [2,3]. Second, 
calmodulin appears to be the 'workhorse' in calcium sig- 
naling and to be responsible for generating the main events 
triggered by changes in intracellular calcium levels. This 
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view is consistent with the observations that calmodulin is 
present in all cells, that it is highly conserved among 
species, phyla, and even kingdoms, it is not a family of 
proteins, and that there is signal amplification in calmod- 
ulin regulated events. In contrast, S100 proteins are not 
ubiquitously expressed, exhibit very specific patterns of 
expression, are a diverse multi-component family, are ex- 
pressed at significantly lower levels than calmodulin, and 
often act stoichiometrically rather than catalytically. These 
characteristics are consistent with S100 proteins providing 
cell-type specificity and acting as modulators, rather than 
instigators, of calcium signal transduction. 
S100 proteins are excellent candidates for cell-type 
specific mediators of intracellular calcium signal transduc- 
tion because the expression of each member of the family 
is restricted to a unique set of cell types [1]. For example, 
S100A1 is expressed in neurons, renal proximal tubule 
cells, slow-twitch skeletal muscle fibers, and cardiomy- 
ocytes. In addition, there is some variability in the 
tissue/cell distribution of these proteins between various 
species [1]. Furthermore, S100 expression is regulated both 
temporally and spatially during development [4]. The strin- 
gent regulation of S 100 expression suggests that alterations 
in S100 expression may result in aberrant cell function. In 
fact, alterations in S100 expression have been documented 
in numerous diseases including many types of cancers 
[5-8], Down's syndrome [9-11], Alzheimer's disease [11] 
and muscular dystrophy (Zimmer, unpublished observa- 
tion). While alterations in S100 protein levels may not be 
the primary cause of a particular pathological condition, 
they do appear to represent targets of altered gene regula- 
tion in disease states. In fact, recent studies in our labora- 
tory, demonstrating alterations in cell phenotype with in- 
creased and decreased S100A1 levels [3], confirm the 
interpretation that in S100A1 expressing cells, a critical 
concentration of S100A1 is required for 'normal' cell 
function and that too little and/or too much alter cell 
phenotype. 
The S 100 family has been defined predominantly on the 
basis of amino-acid sequence similarity [1,12,13]. This 
study examines the nucleotide identity between $100 fam- 
ily members at the cDNA and genomic levels. These 
analyses have demonstrated that the similarity and diver- 
gence calculated using amino-acid sequences are not al- 
ways seen at the nucleotide level. Furthermore, the struc- 
tural organization of these genes is highly conserved within 
and across species. In addition, all of the genomic se- 
quences examined contained a highly conserved nucleotide 
sequence in the 5' flanking sequence referred to by Allore 
and coworkers as an S100 protein element (SPE) [14]. 
Although not yet confirmed by functional studies, these 
comparisons uggest hat the most divergent regions of 
nucleic acid sequence (the 5' and 3' nontranslated regions 
as well as the 5' flanking sequences) participate in direct- 
ing the expression of these genes to the appropriate cell 
types in the correct emporal pattern. 
2. Materials and methods 
2.1. DNA sequence analysis 
DNA sequences were analyzed using a Sun computer 
with the Wisconsin GCG sequence analysis software pro- 
gram (Genetics Computer Group, Madison, WI). The pro- 
gram GAP (gap weight = 5.00, length weight = 0.3, aver- 
age match = 1.0, and average mismatch = 0.00) was used 
to align cDNA sequences and the 5' flanking sequences of 
the rat and human SIOOA1 genes. The complete rat cDNA 
sequence was generated by combining the partial rat cDNA 
sequence ($68809) with the appropriate genomic se- 
quences (U26356, U23567, and U23568). The cDNA se- 
quence reported by Kuwano et al. [15] was used for the 
bovine S100A1 cDNA sequence. The complete human and 
mouse S100[3(B) cDNA sequences were generated by 
combining and editing of the S10013(B) genomic se- 
quences for human (M59486, M59487, and M59488) and 
mouse (L22144). Since there is no primer extension or 
RNase protection assay data to map the transcription i itia- 
tion start site on the human S100A1 genomic DNA se- 
quences, the transcription i itiation start site was mapped 
according to the cDNA sequences reported by Engelkamp 
et al. [16]. Sequences with the following accession um- 
bers were used to compare the cDNA sequences of the 
S100 family members within a given species and to deter- 
mine the interspecies variation exhibited by individual 
members of the family: human S 100A2 (M87068), S 100A3 
(Z18948), S100A4 (M80563), S100A5 (Z18954), S100A6 
(M 18981), S 100A7 (M86757), S 100A8 (X06234), S 100A9 
(Z06233), S100A10 (M38591), S100C (D49355), SLOOP 
(X65614), and CALB3 (X65689); rat SI00A4 (J03268), 
S100A10 (J03627), and S10013(B) (M54919); mouse 
S100A4 (D00208), S100A6 (X66449), S100A8 ($57123), 
S100A9 (M83219), and S100A10 (M16465); rabbit 
S100A6 (D10885) and S100C (D10586); bovine S100A10 
(M16464); avian S100A10 (M35892); porcine SLOOP 
(D10705); and Xenopus laevis S100A10 (M35892). The 
GraphPad InStat software (GraphPad Software, San Diego, 
CA) was used to calculate the mean identities and to 
determine the statistical significance of any measured if- 
ferences. 
The program nNDPATTERNS was used to identify the 
short DNA sequences in the cDNA and genomic se- 
quences of S 100 family members. For the 3' nontranslated 
S10013(B) element the pattern sequence TAATTAG- 
GAAGCTTGATTTGCTTT was searched against the 
S100A1 cDNA sequences described above and mis- 
matches of 1-10 base pairs allowed. For the S100 protein 
element (SPE), the pattern sequence was ARRRGCTGC- 
CTC and 2-4 mismatches were allowed. The accession 
numbers for the genomic sequences were as follows: hu- 
man S100A1 (M65210), S100A3 (Z18050), S100A4 
(Z33457 and Z18950), S100A5 (Z18949 and Z18950), 
S100A6 (J02763), S100A9 (A12027, A12029, A12031, 
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and A12032), S100A10, (M77483), S100[3(B) (M59486, 
M59487, and M59488), S]00F-P (L09190, and S100F-T 
(M96943); rat S100A1 (U26356, U26357, and U26358), 
SI00A4 (X06916), S100~(B) ($53527), and CALB3 
(X16635); mouse S100A4 (X16094), SI00A8 (X87966), 
and S10013(B) (L22144). 
The program BLAST was used to search the nonredun- 
dant updated nucleotide database PDB + GenBank+ 
EMBL for sequences similar to S 100 cDNA sequences and 
genomic sequences. The number of sequences output was 
limited to 250 and hits expected to occur by chance more 
than 10 times were ignored. All BLAST computations were 
performed at the NCBI using the BLAST network server. 
3. Results and discussion 
3.1. Nucleotide sequence comparison for SIOOA1 cDNAs 
The recent isolation and characterization f a full-length 
rat S100A1 cDNA [17] has allowed the previous compar- 
isons of the rat, human, and bovine S100A1 cDNAs 
[15,16] to be expanded to include the 5' nontranslated 
sequences. The human and bovine S100A1 cDNAs exhib- 
ited 88% identity, the human and rat cDNAs 82% identity, 
and the rat and bovine cDNAs 77% identity. Alignment of 
the cDNAs with the program GAP (Fig. 1) demonstrated 
that the greatest identity was found in the coding regions 
of the cDNAs. When the calculations were limited to the 
coding sequences, the percent identity for all three compar- 
isons increased; the human and bovine cDNAs exhibited 
94% identity, the human and rat 88% identity, and the 
bovine and rat 90% identity. As shown in Fig. 1, the 
greatest diversity occurred in the nontranslated regions. 
Calculations of percent identity which were limited to the 
5' or 3' nontranslated sequences revealed that the 3' non- 
translated sequences exhibited the greatest sequence diver- 
sity. 
The alignment of the cDNA sequences revealed several 
structural differences between S100A1 cDNAs. Both the 
bovine and human cDNAs have 5' extensions which are 28 
and 41 base pairs in length, respectively. In addition, the 5' 
nontranslated region of the bovine cDNA contained an 11 
base-pair gap which included the CRE (cAMP response 
A 
rat  
h%unan 
bov ine  
CRE 
CACAT TTGC. AG. CGCGCCCT TCTGTCAAGAACCTGCTCC ~CGAGGCCAACCGTGTGCTGCTGAA 
GGACT GT TGAAGACAGGTC TC~CAGCTCCAGCAGC AC.  TTG A C ICC IGC CA C 
CCIAGGT C T T CC T GC~JCAGC T C( IA~AGC . C T T TGC C . . I .H~H [.. C TeA AA T . G 
I I 
B 
rat  
human 
bov ine  
AT~TCT~TC~GAC~T~A~CCCT~TC~TGTGTTC~T~CCACTCGGGCAA~TAT~T~GGAGCTGAAAGACCT~A~ 
GG AC C AG GC G GG 
GG T A C A G A  GC G GG 
rat  
human 
bov ine  
ACTGAACT CTCCAGCT T CCT GGAT GTCCAGAAGGAT GCAGAT GCT GT GGACAGGAT CATGAAGGAACT GGATGAGAATGGAGATGGGGA~JGTGGACT T CAGGAGT T TGT TGTGCTG 
G G TG C TG A G G G A C C G A G T 
G G G C C AGG G C A G A G 
rat  
human 
bov ine  
GTGGCT GC TCTCACGGTGGCT GTAACAACT TC T T CTGGGAGAACAGT GA 
A C T 
C G C 
C rat  
human 
bov ine  
GC. . ACAGTCTC/ ,GTAGGCAGCGCCCTCCCTCT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  TTTGCTCCTCATCCCACCTGTATCTCCCTATGTACCCATCCTTGCCCA .... 
AG C A T G T CCACCCTCCCAGACCTGCCTCTTCCCCCTGC C A C T A CC T C AAC C CCCC 
GAG C C . .GC TT CT C CCACCCTGCCATCCCTGCTCCTTCACCCTGC C.. C TT T T CC C . . . . . . . . . . . . . . . . . . . . . .  
rat  GGCTCAACATGCACCAAAGGCGCA~AGTAGCAGTC ........ CTGCCACTAGTTTTAATAAAGCTTCTCTCTCCCG 
human AC C C CCC G G G CAAGCCTG AA TCA CT CATTA G A CAGCAAAAAA 
bov ine  . . . . . . . . . .  C A G G A TG G CAGGCCTG AA TC CT CATTA G G GA C 
Fig. 1. Comparison f S100A1 nucleotide s quences. The nucleotide s quences for the 5' nontranslated (panel A), the coding (panel B), and the 3' 
nontranslated (panel C) sequences of the rat, human, and bovine S100AI cDNAs are depicted as aligned by the program GAP (see Section 2). In the 
bovine and human cDNAs, only nucleotides which are different from the corresponding nucleotides in the rat are shown. Gaps are indicated by the dots 
and the box in panel A outlines apotential CRE. 
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element) identified by Song and Zimmer [17]. While the 
human cDNA did not contain a gap, there was a two base 
difference in sequence between the rat and human cDNAs 
at the CRE position. These results suggest that cAMP may 
have species-specific effects on S100A1 expression. In the 
3' nontranslated sequences, the rat cDNA contained a 30 
base pair gap and a shorter 8 base pair gap, while the 
human and bovine cDNAs displayed considerable identity 
in these two regions. The bovine cDNA contained a 31 
base pair gap which was not present in the human cDNA 
and was limited to 4 base pairs in the rat cDNA. When the 
S100A1 cDNAs were analyzed for the presence of the 
highly conserved 3' nontranslated lement observed in the 
rat, mouse and human S10013(B) cDNAs [14], no matches 
were found even when a 10 base pair mismatch was 
allowed. At present here is no data regarding the func- 
tional implications of these differences in S100A1 cDNA 
structure or the differences in structure between family 
members uch as the S10013(B) 3' nontranslated element. 
Some of these elements will probably be involved in 
regulating S100 protein levels and may even participate in 
the altered expression observed in some disease states (see 
[1]). 
Comparison of S 100A1 cDNAs with other S 100 family 
cDNAs: While comparison of amino-acid sequences for 
multiple members of the S100 family have been reported 
[13,16], the comparison of nucleic acid sequences have 
usually been restricted to species comparisons of one 
family member. In order to determine whether nucleotide 
identity could also be used a criteria for membership n the 
S100 family, the nonredundant GenBank + EMBL + 
DDBJ + PDB sequences were searched using the rat or 
human S100A1 cDNA sequences as reference. Both 
searches produced identical results. When genomic se- 
quences were excluded, the first sequences matched were 
S10013(B) and SLOOP. This result is consistent with the 
dendrograms produced using protein sequences which 
demonstrate hat S100A1, S100[3(B), and SLOOP are more 
closely related to each other than to the remaining family 
members. Also consistent with protein similarity data was 
the fact that the most divergent members of the family, 
S100A8 and S100A7, were not matched in the search 
which was limited to 250 sequences. While the other 
family members, S100A3 and S100A10, CALB3, S100A9, 
were matched, their degree of divergence was not clear. 
Furthermore, individual family members from multiple 
species were matched suggesting that some family mem- 
bers might exhibit greater nucleotide sequence identity 
between species than among family members of a given 
species. 
To more directly address the questions of family mem- 
ber diversity and species diversity, the percent identity of 
all of the possible combinations of human S100 family 
members were calculated. The values for the individual 
comparisons ranged from a high of 61% identity for 
S100A2 and S100A4 to a low of 37% for $100A8 and 
S100A10. When all of the comparisons were averaged, 
human S100 proteins had a mean percent identity of 
47% _+ 1% (n = 91). When the comparisons for individual 
family members were averaged, the mean values ranged 
from a high of 49% for S100A1, S100A2, S100A4 and 
S100A6 to a low of 43% for CALB3 (n = 13 for all 
groups). The only statistically significant difference was 
between CALB3 and the other members of the family. 
Thus, while large differences between percent homology 
have been reported at the amino-acid level, S100 family 
members exhibit less variable percent identities at the 
nucleotide level. 
To determine whether the order of divergence was the 
same when calculations were made at the nucleotide level 
and protein level, the data from individual comparisons 
were analyzed. For example, S100A1 exhibited 53% iden- 
tity with SLOOP and 50% identity with S10013(B) at the 
nucleotide level even though the S 100A1 protein exhibits 
48% similarity with SLOOP and 60% similarity with 
S 10013(B) at the amino-acid level. In contrast, S100A2 and 
S100A5 had the highest percent amino-acid similarity 
(62%) and nucleotide identity (61%). Thus, in some in- 
stances the divergence reported at the amino-acid level 
was observed at the nucleotide level and in some instances 
it was not. It is possible that if the comparisons were 
restricted to the coding sequences, the nucleotide identity 
might reflect the amino-acid similarity. 
Although nucleic acid sequences encoding S100 family 
members have been reported from a variety of species 
including bovine, porcine, rat, mouse, rabbit, avian and 
Xenopus laevis, the number of sequences available for 
these species are considerably ess than for human. Thus, it 
was not possible to include as many family members in 
comparisons for these species as it was with human. The 
mean nucleotide identities for mouse (47% 4- 1%, n = 15), 
rat (49% 4-1%, n =6),  and rabbit (47%, n = 1) S100 
cDNAs were indistinguishable from the 47% mean ob- 
tained for the human S100 cDNA comparisons. Analysis 
of the percent identity between individual family members 
in the mouse, rat, and rabbit produced results which were 
consistent with those observed between individual human 
S100 cDNAs. For example, in the mouse the percent 
identity ranged from 57% to 40%, in the rat it ranged from 
53% to 46% and in the rabbit it was 47%. When the values 
obtained for individual analyses were compared across 
species, some percent identities were different and others 
were unchanged. For example, S100A6 and S100A10 ex- 
hibited a lower percent identity in the mouse than in 
human (40% vs. 47%). Others, like S100A1 and S100A10 
exhibited greater percent identity in the mouse than in the 
human (57% vs. 53%). Still others, like S100A4 and 
S100A9 had equivalent percent identities in the mouse and 
human (47% vs. 47%). When comparisons were made 
between rat and mouse, the percent identities were equiva- 
lent. These results suggest hat SIO0 cDNAs are more 
highly conserved between the rat and mouse than between 
D.B. Zimrner et al. / Biochimica et Biophysica Acta 1313 (1996) 229-238 233 
other species. As discussed in the next paragraph this 
conclusion is supported by the direct comparison of nu- 
cleotide sequences for individual S 100 family members. It
will be important to extend these analysis to the remaining 
family members and additional species before the univer- 
sality of the trends reported in this study can be ascer- 
tained. 
In order to determine whether individual members of 
the S100 family exhibited variable sequence divergence 
across species, the percent identity of each family member 
was calculated for each possible combination of species 
(Table 1). Calculations were possible for family members 
for which cDNA sequences were available from two or 
more species. Since nucleotide sequences are available for 
S100A10s from six different species, it provided the most 
information regarding species diversity. As shown in Table 
1, the greatest percent identity was observed between rat 
and mouse S100A10 cDNAs (91%). Human and bovine 
S100A10 cDNAs exhibited 82% identity with the rat 
S 100A10 cDNA and 81% identity with the mouse S 100A10 
cDNA. Avian exhibited approx. 72% identity with the 
human, rat, mouse, bovine, and porcine S100A1 cDNAs. 
Xenopus laevis S100A1 exhibited approx. 52% identity 
with human, bovine, rat and mouse S100A10s cDNAs and 
66% identity with avian S 100A1 cDNAs. These results are 
consistent with the following order of species divergence: 
rat/mouse < human/bovine < avian < Xenopus laevis. 
The only other family members for which a comparison 
between three or more species was possible were S100A1, 
S100A4, SI00C, and S10013(B). Like S100A10, S100A4 
and S 1001~(B) exhibited significantly greater percent iden- 
tity in the rat and mouse than in human and rat or human 
and mouse (Table 1). These data are consistent with the 
conclusion that rat and mouse exhibit less sequence diver- 
gence than other species. In the case of S100C, the 
porcine/human, rabbit/human, and porcine/rabbit cDNA 
comparisons exhibited 79%, 76%, and 70% identity, re- 
spectively (Table 1). These results are consistent with the 
order of species divergence of human < porcine < rabbit. 
Analysis of the overall percent identity between S100AI 
cDNAs suggest that bovine and human sequences are more 
closely related (88%) than rat and bovine (82%), or rat and 
human (77%). Altogether, the comparison of nucleotide 
identity across species for individual S 100 family members 
suggested the following order of species divergence: 
rat/mouse < human/bovine < porcine < rabbit/avian 
< Xenopus laeuis. Additional cDNA sequences from these 
and other species will be needed to conclusively demon- 
strate that this order of sequence divergence applies to all 
members of the S100 protein family. Nonetheless, all of 
A 
Human 
Rat 
1 kb 
B 
g&atcct tccc t t tccc tgctcagcc  . . . . . . . . . . . . . . . .  ggtaccgoagoaccoagc  . . . . . . . . . . .  accaa&g=accct toccacgaoct==tt  . . . . .  c tQt t to  
I I I I  I I I I I I  I I  I I I I I  I I  I I I I I  I I I  I I I I I I  I I I  I I  I I I I I  I I I I I I I I I  I I I I I I I  
g&at tcccccct t~c~tc~c~agca~ag~cagcc~ca~J t&atgc~c~Vaccagct tg~t~&ga~tac~i~t~ccctccc~a~t~t~a~t~tt t~ 
M-CAT SpP. 
acc toot  t~acgca,  agat ~ggggag . . . . . . . .  gtggtgcaagc,  aggagtggaaagaaacagcagacatc ~ cctgggagac I agagggcgcctc I tg tccactcc t  
I I I  I I I  I I  I I I i l l l  I I  I I I I I I  I I I  I I I I I I I  I I I  I I lJ I I I I  I l l  l l l l l J l l l l l l l l l l l l J l l l l  I I I I I  
ccctgcaccatccactgctgcctggagagaaaggaaQggggcaagcaaggctgggaaagagacaagggccgcl t~t~=' i =o=" 'g'ol agagggcgcctc I tg to tgotaat  
TATA-Box  
ggccc.,  tagcccttcgggtg,  tcgt t tg tgaagggg~gagccgtcgggag~agggtcggcag~caggtc tccQcacactgQtco-~Jgg~ 
I I I I I  I I I I  I I I I I  I I I I  I I I I I I I I l l 1111  I I I I I  I I I I I I I  II I ~  
m 
ggccc~ttgacccaca~gtg~.tcgtctgtg&~gc~Jgtgga. . .gtcggtc~J~toagcc~J gggag 
Fig. 2. Comparison of SIOOAI gene structure and promoter sequences. The diagrams in panel A depict he organization of the rat and human SIOOA1 
genes. The boxes denote xons with the grey regions indicating coding sequences. Panel B depicts the alignment of the 5' flanking sequences for the rat 
(top line) and human (bottom line) as determined by the program GAP (see Section 2). Gaps are indicated by the dots and M-CAT, SPE, and TATA-box 
motifs are boxed. 
234 D.B. Zimmer et al. / Biochimica et Biophysica Acta 1313 (1996) 229-238 
Table 1 
Interspecies identity of  S100 cDNAs 
cDNA fragment Species 
porcine bovine rat mouse rabbit avian Xenopus 
SIOOA4 
Human 89% 81% 
Rat - 97% 
$100A6 
Human 79% 75% 
Mouse - 68% 
SIOOA8 
Human 68% 
$100A9 
Human 62% 
SIOOAIO 
Human 87% 82% 82% 74% 52% 
Bovine - 81% 81% 74% 50% 
Rat 81% - 91% 70% 54% 
Mouse 81% 91% - 71% 54% 
Avian 74% 70% 71% - 66% 
Xenopus 50% 54% 54% 66% - 
SIO0~(B) 
Human 56% 57% 
Rat - 85% 
SIOOC 
Human 79% 70% 
Porcine - 76% 
the available data are consistent with the proposed order of 
sequence divergence. 
3.2. Comparison of SIOOA1 gene structures and sequence 
The general organization of the human [18] and rat [17] 
SIOOA1 gene loci are similar not only to each other but to 
other members of the S100 family: three exons separated 
by two introns (Fig. 2A). The first exon codes for 5' 
nontranslated sequences, the second exon for 5' nontrans- 
lated sequences and the amino-terminal EF-hand, and the 
third exon for the carboxy-terminal EF-hand and 3' non- 
translated sequences. The length of the 2.0 kb first intron 
is conserved while the second intron is significantly smaller 
in humans (0.9 kb) than in rat (2.5 kb). The 5' flanking 
sequences of the two genes are 73% identical when com- 
pared using the program GAP. Fig. 2B shows the available 
500 bp of human SIOOA1 5' flanking sequences and its 
alignment with the corresponding region of the rat SIOOA1 
5' flanking sequence. Three potential regulatory elements 
are found in the rat gene in this area of overlap: an 
M-CAT box, SPE (S100 protein element) and nonclassical 
TATA box (TAAAGA). The human gene contained an 
SPE homologous to the rat sequence with an additional 3 
or 4 bases on each side which were identical. In contrast, 
the human gene contained no TATA box, and limited 
homology at the M-CAT box. Without additional 5' flank- 
ing sequences for the human SIOOA1 gene it is not possi- 
ble to determine whether the additional potential regula- 
tory elements found in the rat gene, such as CCAAT box, 
two E-boxes, AP-1, reverse TATA, reverse AP-2 and GC 
box and GCT trinucleotide repeat, are conserved in SIOOA1 
genes from different species (see Fig. 6 in Section 3.5). 
However, preliminary data do indicate the presence of a 
GCT trinucleotide repeat in the mouse SIOOA1 gene loci 
(Zimmer, unpublished observation). Additional sequence 
information for 5' flanking regions of SIOOA1 genes from 
the human and mouse as well as other species and func- 
tional studies on these sequences will be needed before 
any conclusions regarding the role of these structural 
elements in regulating $100 gene expression can be made. 
3.3. Comparison of human SIO0 gene loci 
Genomic DNA sequences encoding eleven human S 100 
family members have been reported to GenBank. When 
these sequences were aligned at the exon encoding the first 
EF-hand calcium-binding loop, conserved and divergent 
structural motifs were identified. With the exception of the 
SIOOA4, SIOOA5, SIOOF-T and SIOOF-P genes, all mem- 
bers of the Sl00 family were encoded by three exons and 
two introns with the first exon containing 5' nontranslated 
sequences, the second exon encoding the amino-terminal 
calcium binding loop, and the third exon encoding the 
carboxy-terminal calcium binding loop and 3' nontrans- 
lated sequences. The major structural variations observed 
were the length of the two introns and the 3' nontranslated 
sequence, which altered the size of the third exon. The 
SIOOA4 gene contained two first exons which are alter- 
nately spliced in the mature mRNA [19]. The SIOOA5 gene 
contains four exons also, each of which is present in the 
mature mRNA, with the first exon encoding 5' nontrans- 
lated sequences, the second exon encoding 5' nontranslated 
sequences and an amino-acid insert adjacent o the amino- 
terminal calcium binding loop, the third exon encoding the 
amino-terminal calcium binding loop, and the fourth exon 
encoding the carboxy-terminal calcium binding loop and 3' 
nontranslated sequences [20]. Thus, the third and fourth 
exons of the SIOOA5 gene are equivalent to the second and 
third exons of the other $100 family members. 
Although S100F-T and S100F-P are much larger than 
the usual 10000 Da for the average S100 family member, 
they have been included in this family because they con- 
tain an amino-terminal domain which has extensive protein 
similarity with S100 family members. Since this domain 
represents only a small portion of the protein they have 
been designated S100F, for S100 fusion proteins, with the 
-T and -P designating trichohyalin and profilaggrin respec- 
tively [1]. Interestingly, when these genes are aligned with 
the other members of the family at exon 2, the structure of 
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Fig. 3. Structural organization of lmman $100 genes. The diagrams depict the organization of the human genes. The boxes represent exons with the open 
boxes containing nontranslated sequences, the grey boxes SIO0 coding sequences, and the hatched boxes keratin-like coding sequences. For comparison, 
all genes are aligned at the exon encoding the amino-terminal calcium binding loop. The broken lines represent compression of large spans of DNA 
sequence. The dashed line in the SIOOA5 gene depicts the fact that the exact length of intron 3 has not been determined. The dotted lines in the SIOOA4 
gene represent alternate splicing. The open-ended boxes labeled A3, A4 and A5 represent the position of the exons of the $100A3, $100A4 and $100A5 
genes, respectively. 
the portion of the gene which encodes the S100-1ike 
domain in S100F-T and S100F-P was indistinguishable for 
other members of the family (Fig. 3). Each gene had a 
small first exon which encodes 5' nontranslated sequences, 
a second exon which encodes 5' nontranslated sequences 
and the first calcium binding loop, and a third exon which 
encodes the second calcium binding loop and repeating 
keratin binding domains. In summary, human S100 family 
members have a very conserved gene organization, Those 
structural alterations which do occur, do not disrupt the 
structure of the protein but result in the addition of amino- 
acid domains at the amino or carboxy termini. Thus, gene 
structure is an useful criteria for membership in this pro- 
tein family. 
3.4. Interspecies variation in $100 gene structure 
There are four S100 family members for which ge- 
nomic information is available from multiple species, 
SIOOA1, SIOOA4, $100A8 and SIOOfl(B). As shown in Fig. 
n nl ~ Human 
S 100A1 " '" 
U le ~ Rat 
--'E~.... ~ ~-- Human 
S100A4 '~ '~" - - ' f  i ,, ::::...::,, ~ Rat 
S 100A8 ~ Human 
II ~ Mouse 
I] | ; I ,u~.. 
Sl0013(B) I] | B I Mo-.. 
I] | ' "- I .=  
Fig. 4. Comparison of $100 gene organization i  different species. The organization of the SIOOA1 genes in rat and human, the SIOOA4 gene in rat and 
human, the $100A8 gene in mouse and human, and the $10013(B) gene in rat, mouse, and human are shown. The boxes represent exons with the open 
boxes depicting nontranslated sequences, and the grey boxes translated sequences. For comparison, the genes are aligned at the exon encoding the 
amino-terminal calcium binding loop. The dotted lines in the SIOOA4 gene represent alternate splicing. 
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Gene Position 
Consensus 
Human A1 -89 
Rat A1 -115 
Human A3 -93 
Human A4 -270 
Rat A4 N.D. 
Mouse A4 N.D. 
Human A5 -101 
Human A6' -55 
Human A8' -28 
Mouse A8 -14 
Human A9" -39 
Human A10 -254 
Human S 10013(B)" -29 
Rat Sl0013(B) -15 
Mouse S 10013(B) -24 
Rat CALB3 a -30 
Human S100F-P -59 
Human $100F-T -16 
-68 
Sequence 
ARRRGCT.GCCTC 
AGAGGGC..GCCTC 
AGAGGGC..GCCTC..(83)..taaaga 
AAGGGCT.TCCC.. (20)..tata 
ACAGGCTGCCCC.. (230)..tataaata 
location of exon 1 undetermined 
only 225 base pairs analyzed 
aaaatat.. (30)..AAGGGCT.GTCT 
GAGCTGG.GGCTC.. (6)..tataa 
tataaaaGGAGCT.GCCTC 
tataaaaGCAGCT.GACAC 
AGGAGCT.GCCtataaa 
AAGGGCA.GGCT..(15)..taaatatt 
aataaGAGGCT°GCCTC 
aaatttaaa..(16)..GAGAGCT°GACTC 
aataaGAAGCT.GTTC 
tataaaaGAGCT.CCTC 
GAGGGTGGCTCC..(19)..tataaaa 
tataaaGGCC.CAGCT 
AGTGGGTGTCTC..(37)..tataaa 
• =AIIore et al., J. Biol. Chem. 265:15537-15543, 1990. 
Fig. 5. Location and sequence of SPEs in SIO0 genes. The sequence and nucleotide position of sequences homologous to the SPE consensus sequence are 
shown. The SPE sequences are in uppercase and the TATA-box sequences in lowercase. The dots represent gaps and the numbers in parentheses the 
number of nucleotides separating the SPE and the TATA-box. 
TRINUCLEOTIDE 
REPEAT SPE 
(gctho agagggcgcctc 
E-Box R-AP-2 GC-BOX I I CRE 
cacttg gggctg ccgccc acgtca 
I I I  I I 
I I I I I I I ctggctaat ctgactaat cccaat cacttg agtaa 
AP-1 AP-t CAT-Box E-Box TATA 
atttata cattccct 
R-TATA MCAT 
I I I I I Skeleta l  
Musc le  
" "l" " 
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Fig. 6. Regulatory sequence domains in the rat SIOOA1 5' flanking sequence. The upper diagram depicts the SIOOAI 5' flanking sequence and the boxes 
denote consensus sequences for transcription factor binding sites and a GCT trinucleotide r peat. The location of positive (+)  and negative ( - ) regulatory 
sequences identified in skeletal muscle, neuronal, and glial cells by reporter gene assays (see [17]) are shown in the the bottom diagram. 
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I I t } I Gl ial 
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4, SIOOA1, $100A8 and $10013(B) exhibited almost no 
alteration in structure. In fact, the only differences were in 
the length of the introns and the 3' nontranslated se- 
quences. Even though these same types of differences were 
observed within family members of a single species, the 
differences between species for a single family member 
were significantly less. The gene which exhibited the 
greatest sequence diversity was the $100A4 gene. When 
compared to the human $100A4 gene, the rat gene con- 
tained a significant expansion of the 3' nontranslated se- 
quences in the third exon, a larger first intron, and no 
alternatively spliced first exons. However, additional infor- 
mation regarding the structure of the rat gene, including 
the placement of the first exon, will be required before any 
conclusions regarding structural diversity of the SIOOA4 
gene between species can be made. Thus, while initial 
comparisons indicate that a highly conserved structural 
organization for SIO0 genes across species, additional 
genomic sequences will be needed to determine the degree 
of species conservation. 
3.5. Regulatory sequences in $100 genes 
Allore and coworkers [14] reported the presence of a 
conserved 12 base-pair element called the S100 protein 
element or SPE near the TATA box in the human SIOOA6, 
SIO0[3(B), $100A8 and SIOOA9 as well as the rat $100A9 
and CALB3 genes. Subsequent studies reported an SPE in 
the rat and mouse SIOOfl(B) genes and rat $100A8 gene. 
We analyzed the remaining genomic DNA sequences 
available in GenBank for the presence of SPEs in the 
promoter region near the TATA box. As shown in Fig. 5, 
an SPE consensus equence was detected in all sequences 
examined with the exception of the rat and mouse $100A4 
genes. Our inability to detect an SPE in the mouse and rat 
SIOOA4 genes was probably due to the limited (225 bp) 5' 
flanking sequence available for the mouse gene and the 
lack of a position for exon 1 in the rat gene. When 
additional 5' flanking sequences are available, it will be 
possible to conclusively determine if these genes contain 
SPEs. In the genes which contained SPEs, some SPEs 
overlapped with TATA-box (mouse SIO00fl(B)), some 
were located upstream from the TATA box (rat SIOOA1), 
and others were located downstream from the TATA box 
(human $100A5) (Fig. 5). In addition, SPEs were detected 
up to 270 bp away from the TATA box. It is interesting 
that the one S100 family member which does not have a 
TATA box, the human SIOOA1 gene, had an SPE. 
Thus, it would appear that the presence of an SPE in the 
5' flanking sequences within 300 bases of the TATA box 
or transcription initiation start site would be excellent 
criteria for membership n the S100 protein family. In fact, 
when these criteria were applied to the two tentative 
members of this family, S100F-P and S100F-T, these 
proteins again meet the criteria for inclusion in the SI00 
family and had detectable SPEs in their 5' flanking se- 
quences. In fact, the SIOOF-T gene had two potential 
SPEs. A search of GenBank sequences using the SPE 
consensus equence as a reference produced 250 hits with 
a score of 38 or greater out of a maximum score or 42. 
While the vast majority of these sequences were in mRNA 
and cDNAs and did not qualify as SPEs, some were 
located in noncoding regions. Interestingly, none of these 
matches occurred in identified S100 family members. These 
results suggest that the SPE may not be restricted to 
members of the S100 protein family. Additional informa- 
tion regarding the functionality of the SPE will clarify its 
role in regulating S100 expression as well as its specificity 
for S 100 family members. 
3.6. Functional analysis of $100 expression 
The functional implications of the cDNA and genomic 
DNA nucleotide identities and structural similarities ob- 
served in S100 family members are not clear at present. 
Transcriptional studies have demonstrated that the mouse 
SIOOfl(B) [21] and rat SIOOA1 [17] genes are under com- 
plex transcriptional regulation which involves both nega- 
tive and positive regulatory elements. In addition, a ner- 
vous system-specific transcription factor which interacts 
with the rat SIOOfl(B) gene has been observed [22]. Addi- 
tional studies utilizing gel mobility shift assays, DNA 
footprinting experiments, and transgenic animal studies 
will be required to delineate the exact mechanism of S100 
tissue/cell type-specific expression. Such information will 
be instrumental in ascertaining the mechanisms by which 
cells diversify calcium signal transduction pathways and 
what role these pathways play in normal cell function and 
disease. 
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